Background: Novel three-layered (TL) tablet systems were compared with both monolithic matrix (MM) formulations and a commercial immediate-release (IR) capsule to develop once-a-day (OAD) pregabalin tablets. Methods: The physical properties of the TL tablets, including dissolution and swelling rates, were compared with those of the MM tablets and the pharmacokinetic parameters of the TL tablet were compared with those of an IR capsule in beagles and humans. Results: Our results indicated that the same amount of a hydrophilic polymer in the formulations had similar dissolution profiles at 12 h, regardless of the tablet geometry. However, the degree of tablet swelling differed, with larger amounts of polymer in the tablets showing a greater degree of swelling. In addition, TL tablets swelled more rapidly compared with MM tablets. For the pharmacokinetic study of the TL tablet, the beagles demonstrated absorption results similar to those of an IR capsule, whereas the humans demonstrated low total absorption compared with an IR capsule. The time of the peak plasma concentration at 6 h in the fed state of humans coincided with the results of the study on beagles. Conclusion: The novel TL tablet system of pregabalin may prove to be helpful in developing improved formulations with better continuous drug absorption for OAD administration.
Introduction
Pregabalin (S-[+]-3-isobutyl GABA or (S)-3-(aminomethyl)-5-methylhexanoic acid) is a ligand of the auxiliary α2δ protein subunit associated with voltagegated calcium channels, which are widely distributed throughout the peripheral and central nervous systems. It has analgesic, anxiolytic, and anticonvulsant properties. 1, 2 Pregabalin is classified as a biopharmaceutics classification system (BCS) Class 1 compound (highly permeable and highly soluble) and its bioavailability is higher than or equal to 90% and is independent of dose. 3 Maximum plasma concentration (Cmax) and area under the plasma concentration-time curve (AUC) of pregabalin increase linearly with dose increasing. 4 However, food reduces the rate of pregabalin absorption, resulting in lower Cmax and delayed time to peak plasma concentration (Tmax). 5, 6 In addition, pregabalin absorption is limited to the ascending colon and is excreted unchanged in the urine.
The commercial products of pregabalin, including Lyrica ® capsules, are immediate-release (IR) formulations with available doses of 75, 150, and 300 mg, which are administered at 150-600 mg twice daily. Patients with chronic diseases have been reported to be more compliant with once-a-day (OAD) formulations than with medicines scheduled more frequently. 9 As such, improving adherence may result in a subsequent decrease in related healthcare costs. 10 Therefore, controlledrelease (CR) tablets that improve patient compliance by reducing the frequency of dosing need to be developed. CR technologies using hydrophilic polymers were developed originally in an attempt to improve patient adherence by reducing the inconvenience caused by the frequent dosing of conventional formulations. 11 A matrix in which the drug is uniformly dissolved or dispersed is the most common system, with hydrophilic polymers typically incorporated. However, the hydrophilic matrix shows a high release rate during the initial stage because of the existence of the drug at the surface of the matrix (ie, the burst effect). 12 This undesirable phenomenon may result in adverse effects. To overcome any undesirable effects due to the hydrophilic matrix, various geometric matrix tablets have been suggested to avoid the burst effect and to achieve a constant release rate. The multi-layered matrix tablet represents one of these techniques and is usually composed of a matrix core containing the drug and one or more layers acting as barriers. In the barrier layers, hydrophilic polymers, such as hydroxypropyl methylcellulose and polyethylene oxide (PEO), primarily perform swelling and erosion processes during contact with the aqueous medium. The barrier layers thus control the surface area and the diffusion rate of drug release from the core layer. 13, 14 Therefore, the physical properties of the barrier layers themselves are important in achieving successful new formulations. 15 In our previous research, the novel geometric system using a three-layered (TL) tablet (GLARS ® , Geometrically Long Absorption Regulated System), consisting of an inner IR layer and two extended release barrier layers with swellable hydrophilic polymers, was suggested for OAD formulations ( Figure 1) . 16 In this TL tablet system, the aqueous medium rapidly penetrates into the mid-layer, which is composed of water-soluble excipients, and the two barrier layers, composed of hydrophilic polymers, swell and wrap around the lateral side of the mid-layer. After oral administration, tablet hydration occurs more quickly than conventional matrix tablets, and the fully hydrated tablet can reach the colon where water is rarely available. Accordingly, the hydrated state of the tablet was assumed to induce continuous drug release and absorption throughout the gastrointestinal (GI) tract, even in the colon, irrespective of the unfavorable environment for OAD administration.
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In this study, to develop a pregabalin CR dosage form for OAD administration, various physical properties of formulations using the novel TL tablet system were investigated and compared with monolithic matrix (MM) tablets in vitro. In addition, the pharmacokinetic parameters of the optimized formulation were further studied and compared with IR formulations in beagles and humans.
Materials and Methods
Pregabalin was purchased from MSN Pharmachem (India). PEO (Polyox WSR 303) was purchased from Dow Chemical. Microcrystalline cellulose (MCC, Vivapur ® 12) was purchased from JRS Pharma (Germany), povidone (Kollidon ® 90F) from BASF (Germany), L-tartaric acid from Caviro (Italy), and D-mannitol from Roquette. All other excipients used were of pharmaceutical grade. All reagents used in the analyses were of analytical grade. An IR formulation (Lyrica Capsules, Pfizer) was used as a reference drug for pharmacokinetic studies.
Preparation of Tablets
To prepare MM tablets, pregabalin was mixed with PEO and MCC, and then blended with magnesium stearate (Mg.S).
The dimensions of the punch were as follows: the major axis was 14 mm and the minor axis was 8 mm. The mixture was then compressed directly on the rotary tableting machine (Erweka, Germany). To manufacture the TL tablets, the drug and additives of each layer were granulated separately using a high-speed mixer, dryer, and sieve. The three kinds of granules were then lubricated separately with Mg.S. The TL tablets were next compressed using a TL tableting machine (Flexi-Tab, Bosch, Germany) ( Table 1 ). The manufactured tablets had a hardness of more than 10 kp and they showed no separation between layers. The tablets were confirmed to be stable for 6 months under accelerated storage conditions (data not shown).
In vitro Drug Release
Drug release was studied using the USP dissolution Apparatus II method (paddle) (VK7000, Varian Inc., Edison, NJ, USA) at 100 rpm with 900 mL of simulated gastric fluid (pH 1.2) at 37 ± 0.5°C. Drug concentrations were analyzed by highperformance liquid chromatography (HPLC; Agilent Technologies, CA, USA) at a wavelength of 210 nm. The column consisted of a Capcell Pak ® C18, 4.6 x 150 mm, 5
μm (Shiseido, Tokyo, Japan). A mixture of phosphate buffer (pH 6.5) and methanol at a volume ratio of 65:35 was used for the mobile phase, with a flow rate of 0.8 mL/min.
Tablet Evaluation: Degree of Swelling
For this procedure, one tablet was placed in a vessel with 900 mL of simulated gastric fluid (pH 1.2) at 37 ± 0.5°C, followed by stirring at 50 rpm using the USP dissolution method 2 (paddle). The size of the tablet was measured with a Vernier caliper each time to calculate the volume. The volume and the volume increase rate of the tablet were calculated based on the following equations: 
Analytic Method
Liquid chromatography-combined mass spectrometry (LC/MS/MS; API Qtrap 5500, Waters, USA) was used to determine the concentration of pregabalin in the plasma. Separation was performed on a Capcell Pak ® MG C18, 2.0 x 50 mm, 3 µm column (Shiseido, Tokyo, Japan). The mobile phase consisted of solutions A (10 mM ammonium acetate buffer) and B (acetonitrile) at a volume ratio of 85:15 at a flow rate of 0.2 mL/min, and was maintained for 2 min. The peak detection method used multiple reaction monitoring and triple-quadrupole mass spectrometry; the ionization used a turbo ion-spray for electrospray ionization. The detection of pregabalin and IS (Losartan) using MRM mode was analyzed, each protonated molecular ion is m/z 160.1 → 142.3 and 424.3 → 207.3. The pregabalin stock solution was dissolved in 50% methanol to reach a concentration of 1 mg/mL. A dilute stock solution consisting of 50% methanol was prepared, along with calibration solutions prepared at pregabalin concentrations of 0.1, 0.5, 1, 5, 10, and 50 μg/mL. For an internal standard solution, losartan was dissolved in acetonitrile (1 mg/mL) to reach a 10-μg/mL final concentration. After thawing the samples at room temperature, each sample (20 μL) was pipetted into an Eppendorf tube. Then, 20 μL of the internal standard solution and 15 μL of H3PO4 were added together and vortexed. Cold acetonitrile (1.5 mL) was then added. After shaking for 10 min, 2 μL of the filtered solution was passed through a 0.22-μm filter and injected into the LC-MS/MS system.
Statistical Analysis
Non-compartmental analysis (WinNonlin ® 5.3, Pharsight
Co., CA, USA) was used to assess the area under the drug concentration-time curve from zero to infinity (AUC) and the time taken to reach the Tmax and the Cmax. Levels of statistical significance (p < 0.05) were determined using the analysis of variance (ANOVA) test. All data are denoted as the mean ± standard deviation (S.D.).
Pharmacokinetic Study in Humans
Subjects, Ethics Approval, Study Design, Treatment and Plasma Sampling
Healthy Korean male volunteers aged 20-45 years were eligible for inclusion in this study if they weighed ≥50 kg. Subjects were excluded from the study if they had any evidence or history of clinically significant diseases or an abnormal laboratory test result related to clinical biochemistry, hematology, or urinalysis. This study was conducted as a randomized, open-label, three-way crossover clinical trial to compare the pharmacokinetics of a TL3 tablet of pregabalin (150 mg) with an IR capsule of pregabalin (75 mg), and to assess the effects of a food on TL3 tablets. They were given high-fat meal (989 kcal) of foodstuff 30 min before the oral administration of the TL3 tablet. Each drug of IR capsule and TL3 tablet was administered with 240 mL of water. Thirty subjects were randomized into six groups and treated in sequence of the clinical study design. A sufficient period of time for the excretion of pregabalin, considering the half-life (T1/2) of the drug, was established between each treatment. The IR capsule (pregabalin 75 mg) was given twice a day (0 and 12 h -fasted state) and blood samples were collected at predetermined time points (0, 0.33, 0.67, 1, 1.5, 2, 4, 6, 12, 12.33, 12.67, 13, 13.5, 14, 16, 24, and 36 h). The TL3 tablet (pregabalin 150 mg) was given OAD and blood samples were also collected at predetermined time points (0, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 24, and 36 h). Samples were immediately centrifuged and stored at −70°C prior to analysis. During the clinical trial, two subjects did not complete the study. In total, twenty-eight subjects completed the study. All subjects provided their written informed consent before being screened for the study. The study protocols were reviewed and approved by the Institutional Review Board of the Catholic University of Korea, Seoul St. 
Analytic Methods
A HPLC system (Shiseido Nanospace SI-2, Shiseido, Japan), in conjunction with MS/MS (API 4000, AB SCIEX, USA), was used to determine the concentration of pregabalin in the plasma. Separation was performed on a Unison UK-C18 column (2.0 mm x 75 mm, 3 μm, Imtakt, Japan). The mobile phase consisted of 0.1% formic acid containing acetonitrile and 10 mM ammonium formate (50:50, v/v), with a flow rate of 0.2 mL/min. The detection of pregabalin and IS using MRM mode was analyzed, each protonated molecular ion is m/z 160.1 → 142.1 and 163.3 → 145.0. A stock solution of pregabalin at 0.1 mg/mL in methanol was prepared separately. Then, a working standard was diluted with a 50% acetonitrile solution. A calibration solution was then prepared at pregabalin concentrations of 0.05, 0.1, 0.5, 1, 5, 10, and 20 μg/mL. For sample preparation, each plasma sample (100 μL) was pipetted into a polypropylene tube and deproteinated with acetonitrile (1 mL) with the addition of the Internal standard solution (100 μg/mL). The mixture was then vortexed for 1 min and centrifuged at 13,000 rpm for 5 min. Each sample of 5 μL was then injected into the LC-MS/MS.
Statistical Analysis
Non-compartmental analysis (WinNonlin ® 6.3, Pharsight
Co., CA, USA) was used to assess the Cmax, Tmax, AUC, and T1/2. The results of bioequivalence were calculated as the ratio of Cmax and the AUC of the TL3 tablet compared with those of the IR capsule. Fractionabsorbed calculations employed the Wagner-Nelson Method. The percentages absorbed vs time were calculated using the following formula:
where C(t) is the plasma concentration at time t, Ke is the elimination rate constant, and AUC(0-t) and AUC (0-∞) are the area under the plasma concentration-time curve from zero to time t and to infinity of IR capsule, respectively. 18 The relationships between the pharmacokinetic data in beagles and humans were examined by plotting the percentage of drug absorbed after 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, and 14 h in each study. Levels of statistical significance (p < 0.05) were determined using the ANOVA test. All data are denoted as the mean ± S.D.
Result and Discussion

In vitro Release Profiles of MM and TL Formulations
The release profiles of MM tablets in pH 1.2 buffer are shown in Figure 2 . Each formulation contained 100-300 mg of PEO as a release controller. The release profiles of MM1 and MM2 showed similar rates, but MM3 showed rates faster than other formulations. The amount of 200 mg PEO in MM2 appeared to be enough to control the release rate of pregabalin, which is soluble in water. When the matrix tablets contained more than 200 mg of PEO, which has the highest Figure 2 Influence of the amount of PEO on the dissolution profiles of MM tablets in pH 1.2 buffer. molecular weight and viscosity among the PEO polymers, the diffusion rate of pregabalin through the gelled polymer in the swollen matrix tablets predominated the release compared to the erosion rate of swollen PEO. 19 TL formulations were manufactured according to the compositions in Table 1 . The release profiles of TL tablets are compared in Figure 3 . Formulations of MM1 and TL1, which had the same amounts of PEO (300 mg in a tablet) showed similar release rates despite different geometries, such as conventional tablets and TL tablets. Our results also showed that the release rates of TL2 and MM2 were similar, although TL2 released pregabalin a little faster than MM2. The release rates of TL1 and TL3 were the same (data not shown). This may suggest that the amount of hydrophilic polymer to some extent primarily modulated the release rate of pregabalin, while the geometry of the tablet may not play a key role in controlling these formulations. However, the drug release profiles could be modified by the disposition ratio of the drug in each layer, because a sigmoid type of release pattern was observed when the drug was incorporated only in the middle layer, while the drug in the swellable outer layers was released in a typical hyperbolic pattern. 20 The drug release mechanism from the TL formulation using the novel TL tablet can be described in three steps: (1) initial release from the uncovered lateral area of the middle layer; (2) the diffusion of the drug from the middle layer into the swollen outer layers and throughout the covered region surrounding the middle layer; and (3) the diffusion of the drug, with erosion of the swollen layers. 21 
Different Swelling Behavior Between MM and TL Tablets
The expanded volume and swelling behaviors of MM and TL during the swelling test are shown in Table 2 and Figure 4 . All formulations swelled and expanded more than twice after 1 h compared with their initial volume. Larger amounts of PEO in the tablets showed greater degrees of swelling. The same amount of PEO in the formulation, regardless of the geometry of the tablets, showed very similar dissolution profiles. However, the swelling degrees of the tablets were all different, with TL formulations swelling more rapidly than MM formulations. The amount of PEO played an important role in the tablet size increase, while the different geometries of the tablets affected water absorption into the core of the tablet. The quickly absorbed medium through the middle layer appeared to move into the upper and lower layers, causing a rapid increase in the gelation and swelling of the TL tablets.
Pregabalin, after oral administration, is absorbed at limited sites, with preference to the upper segment of the GI tract down to the ascending colon. 22 Therefore, a gastro-retentive system would be the most preferable dosage form in order to obtain the maximum absorption of pregabalin from the GI tract for an extended period for OAD oral administration. 23 TL tablets have been confirmed to swell rapidly and increase in size by swift hydration after oral administration. When the swollen tablet becomes bigger than the diameter of the pyloric sphincter, it allows the TL tablet to stay in the stomach longer, thus extending the GI transit time and providing a greater chance for absorption. In other words, TL formulations consisting of the novel TL tablet system may provide gastro-retentive properties with the rapid expanded tablet volume.
Pharmacokinetic Study in Beagles
A pharmacokinetic study in beagles was performed to compare the absorption properties of TL1 tablets as a once-daily administration compared with the pregabalin IR capsule. The TL1 formulation was designed to be released completely within 12 h in vitro for OAD administration, although many other OAD formulations have longer release periods. The mean plasma concentration-time profiles of pregabalin and the statistical summary are presented in Figure 5 and Table 3 . The Tmax of the TL1 tablet and the reference were 5.86 and 0.85 h, respectively. This confirmed that the TL1 tablet controlled the absorption rate of pregabalin to show a peak plasma concentration at 6 h, while the drug from the reference was absorbed rapidly within 1 h after oral administration. The total drug exposure of the TL1 tablet with OAD administration, the AUC(0--24), was comparable to one pregabalin IR capsule with twice-daily administration because the T/R ratio for AUC(0-24), defined as the relative ratio of the corresponding value of the test divided by the equivalent value of the reference, was 1.05. The peak plasma concentration of the TL1 tablet was also comparable with that of the reference because the T/R ratio for the Cmax was 0.85. The T1/2 values of the TL1 tablet and the reference were 6.5 and 7.0 h, respectively, indicating that they had similar elimination phases irrespective of the different absorption rates. All pharmacokinetic parameters in the beagles suggested that the TL1 tablet may Figure 4 Comparison of swelling rates between MM and TL tablets in pH 1.2 buffer. be appropriate for OAD administration, and further pharmacokinetic studies in humans were warranted. Though some formulations were designed by gastric retentive system because pregabalin is absorbed poorly in the lower GI tract, they have needed to increase the dose amount by 10% to obtain an equivalent absorption for once-daily formulations compared with the twice-daily administration of the pregabalin IR capsule. 4, 24 On the other hand, Sako et al verified the importance of the rapid gelling rate of CR tablets for their continuous and more absorption in the colon. Although two CR formulations have been designed to show similar in vitro release patterns in several dissolution conditions, continuous drug release from the rapid-gelled formulation results in an increased AUC compared with the slow-gelled formulation. 25, 26 It was assumed that the swelling of TL tablets could make pregabalin absorbed longer for OAD formulation by gastric retentive property and the rapid gelation could improve the extent of absorption which did not need an extra dose amount of the drug to obtain absorption comparable to IR capsules.
Pharmacokinetic Study in Humans
In order to get tablets more processable for scale-up manufacturing, TL3 was optimized a little to get more cohesiveness between each layer during manufacturing based on TL1. There was no difference in dissolution and swelling behavior between TL1 and TL3. And then TL3 was taken in clinical human trials. The human plasma concentration profiles of pregabalin formulations are shown in Figure 6 , with the pharmacokinetic parameters summarized in Table 4 . After oral administration, the TL3 tablets showed peak plasma concentrations at 6 h in the fed state, which coincided with the results of the in vivo study in beagles. In contrast, the drug in the IR capsule was absorbed rapidly, with a peak plasma concentration within 1 h, which is similar to previous reports. IR capsules were taken twice a day, but the first dosing was administered in the fasted state and the second dosing in the fed state, which caused the Cmax of the first dosing to be significantly higher than the second dosing, which is similar to what has been reported previously. 6 However, TL3 tablets showed lower total absorption amounts in the fasted state, which differed from the IR capsules. This is probably because of the limited absorption site of pregabalin, suggesting that, in the fasted state, the gastric emptying time is short and the tablet could not be swelled sufficiently to stay longer in the stomach; thus, it passed the absorption site quickly. However, in the fed state, the TL3 tablets showed increases in the Cmax and AUC by 42% and 74%, respectively, compared with the fasted state. This is probably because the gastric emptying time was longer; thus, the TL3 tablets were able to swell enough to stay longer in the stomach. Therefore, pregabalin in this tablet formulation had a greater chance for absorption. 7 The fractional absorption of pregabalin in beagles and humans was calculated and is shown in Figure 7 , with the correlation between them. Beagles appeared to absorb pregabalin slightly faster and in greater amounts than humans, with absorption terminated at 8 h. In the fed state, the absorption rate in the initial stage and the final absorbed fraction compared with the IR capsules in the beagles were higher than those in humans, which could be because dogs usually have longer gastric emptying times than humans. 27 However, a good correlation of the absorption rate by time between the two in vivo results was observed, with a value of R2_0.989. In the human study, the effect of food was also observed, which could be explained by the gastric emptying time difference with the meal because of the limited absorption site of pregabalin.
Our attempt to perform a level A in vitro-in vivo correlation showed that the in vivo drug absorption rate of TL1 and TL3 tablets had a high correlation with the in vitro drug release rate of the formulation (Figure 8 ). The fed state (R2_0.980) showed a more linear relationship than the fasted state (R2_0.879) because of the decreased absorption of the fasted state in the late stage due to the short gastric emptying time. This result suggested that the in vitro dissolution profiles and release kinetics may be useful in predicting absorption kinetics, as well as the overall plasma drug concentration-time profiles for further studies.
Conclusion
Novel TL tablet formulations were evaluated and compared with MM formulations. The same amount of a hydrophilic polymer in the formulation showed very similar dissolution profiles for 12 h, regardless of the tablet geometry. This may suggest that the amount of the hydrophilic polymer mainly modulated the release rates of pregabalin, while the tablet geometry may not play a key role in controlling these formulations. However, the degree of swelling for the different tablets differed. Larger amounts of the polymer in the tablets resulted in a greater degree of swelling, with TL formulations swelling more rapidly than MM tablets. The different geometries of the tablets influenced water absorption into the core of the tablet, and the amount of the polymer played an important role in increasing the tablet size. Therefore, the novel TL tablet system may supply gastro-retentive properties given the rapid expanded volume of the tablets.
For the pharmacokinetic study after a meal in beagles, the mean ratio of the AUC and Cmax for the test formulation were comparable to the reference. In humans, lower absorption amounts for the test formulation in the fasted state were observed than in the fed state, which was different from the IR capsules. However, the time of peak plasma concentration at 6 h in the fed state of humans coincided with the results of the study on beagles. In this study, the novel TL tablet system of pregabalin, which has limited absorption sites in the GI tract, was formulated; these results may prove to be helpful in developing improved formulations with better continuous drug absorption for OAD administration.
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